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A PRELIMINARY INVESTIGATION OF BOUNDARY-LAYER
TRANSITION ALCNG A FLAT PLATE WITH
ADVERSE PRESSURE GRADIENT

By Albert E. von Doenhoff

SUMMARY

Boundary-layer surveys were made throughout the tran-
sition regicn along a smooth flat plate placed in an ailr
stream of practically zero turbulence and with an adverse
pressure grafient. The boundary-layer Reynolds Number at
the laminar separation point was varied from 1,800 to
2,600.

The test data, when considered in the light of cer-
tain theoretical deductions, indicated that transition
vrobably begon with sevparation of the laminar boundary
layer. The extent of the transition regioa, defined as
the distance from a calculated laminar separation point
to the pmosition of the first fully developed turbulent
boundary-layer profile, could be expressed as a constant
Reynolds Humber run of apvroximately 70,000. Some svecu-
lations are vresented concerning the application of the
foregoing concepts, after certain assumptions have been
made, to the problem of the connection between transition
on the upver surface of an airfoil at high angles of at-
teck and the maximum 1ift.

INTRODUCTION

The effects of the transition from laminar to turbu-
lent bvoundary-layer flow on the aerodynamic characteristics
of bodies are known to be large. Reynolds' classic experi-
ments concerning the flow in pipes showed that flow dis-
turbances and surface irregularities mnke for early transi-
tion., lLumerous investizators have cbscrved similar ef-
fects o7 such disturtances on the transition from laminar
to turbvulent boundary-layer flow.
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Some stcady factors have nlso been found to affect
the occurrence of transition. Investigations of the
boundary layer along airfcil scctions and airship forms
have indicated that an adverse pressure gradient along
the surface tends to cause early transition (reference 1).
Tollmicen (reference 2) has shown that, for a perfcct fluid,
S-shepe velocity profiles such as exist in the prescnce of
an adverse vressure gradient are unstable.

The purpose of the present investigation was to study
the nature of boundary-layer transition in the presence of
an adverse nressure gradient with disturbing influcences,
such aog stream turbulence and surface roughness, reduced to
neglizible »nroportions.

The investization wns carried out with a smooth flat
plate in the presence of an adverse prcssurc gradient with
practically zero nir-stream turbulence. The range of the
tests wns limited by the available equipment to compara-
tively low Roynolds Numbers. The range of Rcynolds Number
and of »ressure grandient was, however, sufficient to in-
clude thc conditions that exist ncar the nose of an air-
foil ~t high angles of attack, extendineg into the full-
scale ronge. As an example of the significance of the re-
sults, they are analyzed in relation to the variation with
Reynolds Nunber of the maxinmum 1ift coefficient of the
N.A.Coi. 2412 airfoil scction.

Boundary-layer surveys were nade throughout the tran-
sition region. The Reynolds Number, based on the distance
from the leading edge of the plate to the calculated sepa-
ration point, was varied from 74,000 to 145,000. The cor-
responding range of boundary-layer Reynolds Numbers at the
separation voint is from Ry = 1,800 to Rg = 2,600. The
investization was carried out in the N.A.C.A. gsmoke tun-
nel because of the low turbdbulence in the air stream.

APPARATUS AZD {ZTHODS

4 general view of the installation of the anparatus
in the {tunnel is #iven in fisure 1. The flat plate was of
menel metal and was 16 inches wide, 60 inches long, and
/16 inch thick. The upper surface of the olate was pol-
ished and the leading edge wase rounded for smooth flow
entry. An adverse pressure gradient was obtained by plac-
ing the »nlate in a divergins chaanel.
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The cntrance of the rectangular channel in which the
plate wos placed was faired from the original smoke-tunnel
walls The width of the channel wng 16 inches for the en-
tire lenvth of the plate and the height varied from 6
inches at the leading edge to 10 inches at the trailing
edge of the vplate. In order to make the structure rigid,
the top and bottom of the channel were made up of 3/16—
inch oluninum plates supported from 2 by 2 by 1/4 inch du-
ralumin o~ngles. The sides of the channel were of plate
glass to meke smoke-flow studics vossible.

Slots, 1/32 inch wide, for boundary-layer control
wvere located at 1-foot intervals along the channel to pre-
vent excecssive thickening and separation of the boundary
laver on the sides, tov, and bottom of the channcl walls.
A scrcen covering the downstream end caused higher nres-
sures to occur inside the channel than outside, thus forc-
ing part of the boundnry-layer air to flow through the
slots. :

The essential elemecnt of the hot-wire anemometer
used in uecking the boundary-layer surveys was o fine plot-
inum wire 2 inches long and 0.002 inch in diameter, silver-
soldered to two flexitle brass suvpporting prongs of a
forked holder that kept the wire in tension. The holder
extended throvgh a hole in the top of the channel and was
clamped in a vertical micrometer.

Figure 2 shows the clectric circuit used. The cur-
rent through the wire was maintained constant to within
1/4 percent by a current balance that held the current at
a constant value indevendent, within cortain limits, of
the resistance of the wire and the value of the line volt-
age, The current was adjusted to the desircd value by
means of the resistance Ry. Velocities were determined
from voristions in the resistance of the wire.

A pitot tube was used as a standard for calibrating
the hot—wire anemometer and also for maintaining a con-—
tant tunnel air speed. The tube was of the standard

NePysLs type and wns made accordlng to the drawings in fig-
ure 5(n) of reference %. Because of the low tunnel spceds,
a pressure nmultiplier having o ratio of approximately 100:1
was used. The multiplied presgure was rcad on a water ma-
noneter.

Calitrations of the hot wirs were plotted in the usual
form:
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i R R« -
..... B v A
R - R,
where i is the current through the hot wire.

R, resistance of wire at air speed V.
R resistance of wire at ambient temperature.

a, temperature coefficient of resistancec of
hot wire. :

V, air speed.
a and b, constants.

In order to avoid errors due to changes in the cali-
bration, the rire was calibrated immediately upon the com—
pletion of every run.

TESTS AND RESULTS

The velocity distribution over the plate outside the
boundary layer was determined from observations at the
following five vositions along the plate:

Station - - - - - - - - - A ' B C D E

Distance back of lcading
edge, in. - - - - - - - 13=1/4 21 a7 33 39

Firure 3 shows the velocity distribution over the
plate. The velocity just outside the bvoundary layer at
any point along the nlate U 1is given in terms of the
corresponding velocity U, at station 4.

Boundary-layer surveys were made at stations 4, B,
C, and D at each of three tunnel speeds.

The velocity inside the boundary layer wu, is plot-
ted againcst the distance from the =late ¥y, in figures
4, 5, and 6.

Althoucsh the tests vere made for only one value of
the nressure gradient, it can be shown by Reynolds!' law
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of ginilarity that running the tests throughout a speed
range is equivalent to running them throughout a range of
precsure gradients.

PRECISION

The relative accuracy of individual observations is
dependent mainly upon the sensitivity of the measuring in-
strunents. It is estimated that the relative accuracy of
the hot—wire measurements of velocity is *2 percent. Be-
cnuse the calibration of the hot wire veried considerably
17ith tine, the errors in the absolute values are somewhnt
greater. As is stated above, this gource of error was re-—
duced to a minimum by calibrating the wire immedlately
upon thc completion of every run.

Calibrations of the vitot head given in reference &
show thnt 1t reads the correct dynamic pressure to within
1 perceut over the range used. The pressures indicated by
it could be determined with an accuracy of *0.0003 inch of
water.

Me~gsurements of distance from the surface are accu-
rate to within %£0.002 inch.

DISCUSSION

The nurpose of the first phase of this discussion is
to prescert certain inferences concerning the nature of
tronsition from the relations observed in these tests.
Although it is renlized that the experimental data at hand
are insufficient to justify definite conclusions, they do
give on insizht into the nature of transition when consid-
ercd in the light of certain theoretical deductions.

Loninar region.-~ In order to determine the position
on the mlate where the laminar boundary layer might be cx-—
vected to senaratec, the laminar boundary-layer character-
istics were calculated by the von Kdrman-Millikan method
(reference 4) using the experimentally obtained velocity
distribution cver the plate. The cnlculations show that
sepnration ocecurs when the velocity decreases to 0.898 of
its valne at the leading edze of the plate. This value
corressonds to a distance of 17.5 inches from the leading
edge. It is tc be noted that the vposition of the calcu-
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lated scnoration point is independent of the Reynolds Num-
ber.

comparison ¢f the experimental and calculated veloc—
ofiles at station A is given in figure 7. The re-

sults are olotted in the form u/U against =3-—= where

L is the distance from leading ecdge of
plate to laminar sepeoration point.

R, ZRewnolds Number UL/U.
v, the kinematic viscosity.

The exverimental data for all speseds when plotted in this
form deine a single curve, which shows definitely that
the boundary layer at this point ig laminar. The agroe-
ment between the calculnated and experimental profiles 1is
similar to that found in refeorence 5. The results of ref-
erence 5 show good agrcement between the calculated and
exnerimental sevaration pointe; it is therefore rcasonable
to supncse that tihe boundary loyer on the plate will sep—
arate ncor the enlculated position,

{r3
f+3
o)
i

o tilc cgion.- Large intermittent fluctuations in
velocity re observed at station B for all tunnel speeds.
Similar fluctuations were observed at the lower tunnel
sneeds ¢t station OC. It was found that the boundary-layer
thickness & 1increased rapidly botween stations A and C.
These results show that transition must btegin between sta=~
tions A and B near the moint where laminar separation
is exvected.

Observations of the gsmoke flow over the plate showed
that the boundary-layer flow was smooth at least as far
back as the calculated separation point. As the Reynolds
Nurber was changed, no large movemoent of the point where
trensition started was apparent. DZoundary-layer veloclty
profiles at the lower sneeds show a region of relatively
gulet ~ir anext to the plate. Thene velocity profiles and
the direct smoke-flow observations indiccte that scovaration
of the laminar boundary layer actually teakes place locally
necar the cnleulated point and that transition is probabdly
caused by the instadility of the subscquent flow.

Examinntion of the datn shcws that the position along
the surioce where the fully develeped turbulent bvoundary
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layer first occurs varies with the Reynolds Number. For
the highest speed, the boundary-layer profilec at station
C is of tae fully devecloped turbulent type. (Sce figs 4
and 8,) At the lowest spveod, a fully developed turdbulent

profile cccurs a short distance downstream from station D.

(Sec figs. 6 and 9.)

The dircet smoke=flow observations having indicated
thnt the itrnnsition was closely associated with ~nd fol-
lowed larinar sevaration, and the measured profiles having
shown thot the distance required to reach the fully devel-
oped turbulent layer was affected by the Reynolds Number,
2 guantitetive relation between separation and transition
was sought. In other words, an estimate was attcupted of
the extent of the transition region, which was considercd
to lie between the laminar seoaration point and the posi-
tion where fully developed turbulent profiles were ob-
served. The approximate position of the fully developed
turbulent nrofile could be determined from these prelimi-
nary cxperiments but, unfortunatcly, these experiments
were not sufficiently extensive to permit the direct loca-
tion of the separation voint. It was considered justifi-
able, however, to cmploy a calculated separation point
because the experimental evidence did not conflict with
this location and because the theory had previously becn
cxperimentally verificd. An estimate of the extent of the
transition region could thus be made and its variation
with Reynolds Number studied.

The result suggested thnt the length of the transi-
tion region, defined =s the distance from the laminar sep-
aration noint to the position of the first fully developed
turbulent boundary-layer profile, can be expressed as o
constant Reynolds Number of approximately 70,000 through-
out the range of the tests.

The development of the turbulent boundary layer can
be seocn from a comparison of the velocity profiles for the
different speeds at station C. (See figs. 4, 5, 6, and
8.) A%t the lowest speed, thc velocity profile shows a veow-
glon of relatively quiet air next to the plate. As the
speed is increased, this region disappears. The velocity
vprofile ot this noint is of the fully developed turbdulent
type at the highest smeed.

Then plotted on logarithmic paper (figs. 8 and 9),
the experimental points for the outer nine-tenths of the
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fully developed turbulent velocity nrofiles fall on a
straieght line with a slope of 1/6.4., The deviation of the
voints for the inner one-tenth of the boundary-layer thick-
nesg is an indication of the extent of the laminar sub=-
layer.

From n summarization of the results of the preceding
discussion, it seems likely that transition occurred in
the following manner. The boundary-layer flow was lomi-
nar up to the laminar sevaration point. Deowngtream from
the secwaration point, a region cof relatively quiet air cx-
isted next to the plate over which the outside alr con-
tinued to flow. Because of the instability of such a sys—
tem, turbulence started, finally resulting in the devel-
opment of o turbulent boundary layer. The extent of the
entire trnnsition region, defined as the distance from
the laminar scoarntion point to the nosition of the first
fully cdeveloped turdulent boundary-layer profile, appears
to be enproximntely expresced as a constant Reynolds Num-
ber : :

ZsZ - 70,000
v

where Ug 1is the velocity outside the boundary layer
at the laminar scparation noint.

X, the extent of the trancition region.

In the gecond phase of the discussion, some svecculn-—
tions nre vresented conceorning the application of the
forcgoing deductions to a practical prodlem. The type of
transition described has been observed ncar the leading
edge on the upmer surface of airfoils just before the
stall (reference 6). In the anplication of these conceots
to the flow on the unper surface of an airfoil, an attempt
has been made to calculate the variation of maximum 1ift
coefrficient with Reynolds Kumber.

Before the concepts developed from the analysis of the
transition region aleong the vrlate can be applied to other
bodies, the flow conditions in the boundary layer along
the body must be examined tc sce what relaticn they bear
to the conditions along the plate. Several boundary-layer
calculations by the von Karman-ilillikan mecthod have shown
thnt, in most casos encountercd in vractice, laminar sev=-
aration-noint vrofiles are nearly similar in shape. Con-
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deration of the small region in the ncighborhood of a
aration point shows that the only reference length
ilable for forming a nondimensional vyressure gradient
the boundary-layer thickness §. The nondimensional
8 4p
q ds

D e

o
va
S

<

HD owon

nrecssurc gradient is therefore written in the form

where q is the dynamic pressure outsidec the bound-
ary layer.

D, the static pressure.
3, distance along the surface.

It cea be shown that this pressure gradient and the bound-
ary-lever Heyneclds Number Ré at a laminar sevaration
point are connected by the approximate relation

dn
== = constant

R5 ds

2 o

This relation shows that, if the wvalue of RS a2t the lam-

inar secnaration point on the airfoil and on the plate ic

§ dp .
the same, the value of -— a‘ will also e apvproximately
q ds

the samc. Under these conditions, the vlate experiments
ney be considerecd applicable tc the airfoll case.

In addition to the foregoing considerations, some
method nust be found for taking into account the effects
of curvaoture. The follewing assumptions, which are nec-
essary to make the calculations possible, are not regarded

o quantitatively accurate. They are introduced merely to
complese cualitatively the vnicture of transition as it oc~
curs on a curved surface in the pnrecsence of an adverse
pressure gradient with practically zero stream turbulence,

In the case of the flat plate, the region of quiet
air after the separation voint is necessarily thin because
the dircction of the outside flow is nearly parallel to
the vlate., Smoke=flow studies of wvarious bodies indicate
that, when separation takes place on a curved surface, the
flow leaves in a direction aroroximately tangent to the
surface n~t the sepanration voint. In the calculations it
will therefore be assumcd that the flow leaves the surfszce
in o directinon tangent to the surface at the laminar sed-
aration moint.
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On the flat plate, the cntire length of the transi-
tion rcgion was expresscd as a constant Reynolds Number
run of 70,000. This valuc, however, represents the length
corresvponding to the atitainment of a fully developed tur-
bulent boundary-layer profile, whereas the turhulence must
begin farther upstream; at least the turbulence may be
considered sufficiently developed to provide the necessary
scouring action required to prevent separation at a posi-
tion represcnted by a Roynolds Number run lesg than 70,000,
For this reason, the distance from the laminar separation
point to the woint from which the turbulence begins ef-
fectively to svread will be assumed to correspond to a
Reynoldg ifumber run of, say, 50,000.

Both the theory of spreading turdbulent jets and ex-
periment show that turbulence tends to sporead in a lin-
ear manncr (reference 7). The angle of spread devends
upon the particular conditions. The case of flow closing
in after laminar separation seems to be analogous to the
soreading of o jet. TFor the present it will be 2ssumed
that the Pranch of the envelope of the turbulent flow in-
clined toward the surface makes an angle of 15° with the
line of gevaration. This angle is within the range of
those observed for gzpreading jets of different types. If
the sprcading turbulence does not reach the body, the
boundary layer cannot re-establish itself and permanent
sevaration may be considered to have taken place.

The analysis was made in the following manner. The
position of the laminar gseparation point was calculated
according to the method of reference 4 after finding the
pressure digtribution by the method of reference 8 for
several 1ift coefficients. & straight line was drawn tan-
gent to the nmrofile at the sevaration point, Another line,
making on angle of 15° with the line of separation, was
dr~wn tongent to the airfoil surface. The distance from
the sevaration point to the noint of intersection of thne
tvo lines is congsidered to represcnt a Reynolds Number

USXn
Rp = =~ , of 50,000
where Ug 1is the velocity outside the boundary layer
2t the separation point on the airfoil.

oy
Lol e}

length of the linc from the scpara-

X
T . .
ocint to the moint of intersection.

o+
b
O
5ot
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The Reynolds Number of the airfoil corresponding to maxi-
mum 1if%t for the 1lift coefficicnt choesen was then computed
according to the relation

. ‘Uoc
R = 50,000 5= ==
S X7
where U is the reference velocity for the airfoil.

o]

C, the airfoil chord.

Fizure 10 shows the graphical construction, for one 1if+t
cocfficicnt, on the N.A.C.A. 2412 airfoil section,

Fisure 11 gives a comparison between the experimental
variation of the maximum 1ift coefficient with Reynolds,
Number (reference 9) and the calm lated vsolucs. 3By the
Rernolds Tumber range indicated as the "range of present
experinents" is meant the range of Reynolds Numbers
throughout which R at the separation point falls within
the raange of valucs obtained on the flat plate. The gquali-
tative agrecement of the two curves, especially threoughout
the range of the present tests, suggests that, at moderate
Reynolds Numbers, the general nature of transition on the
upper surface near the leading edge of an airfoill ot high
angles of attack probably does not differ essentinlly in
charactar from that discussed in this report.

luch more exmerimental data through a wider range of
Reynolds Number both on o flat plate and on other bodies
are nceded to extend and verify the tentative theory of
transition set forth in the »resent report. It seems doubt-
ful thot the aoparent mechanism of transition observed in
the range of these tests would continue operative with in-
definite increase of the Reynolds Fumber., As this increase
oceurs, the transition region becomes continually shorter
in leagth, approaching the order of magnitude of & =2
the leminar separation point. This condition for the A
NeAsCo.As 2412 airfoil, however, does not occur until R is
above 7,000,000, when the run is still approximately 10 8.
A comvarison of the exnerimental and calculated scale-
effect curves indicntes that turbulent-layer separation ef-
fects become of mojor importance before this Reynolds Num-
ber is reached.

Lengley lMemorial Acrcnnutical Laboratory,
Hational Advisory Committec for Acronautics,
Langley Field, Va., February 11, 1938,
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